Purpose: Human osteoarthritic (OA) articular cartilage was investigated with spatially resolved pulsed gradient stimulated echo (PGStE) NMR using strong gradients. In this study, the diffusivity of fluid and biopolymer was characterized as a function of depth within human OA cartilage cores. Methods: One dimensional (1D) spatially resolved diffusion profiles were measured for human OA cartilage using a standard pulsed gradient stimulated echo (PGStE) sequence with the addition of a read imaging gradient. Low gradient values (0.05 to 1.5 Tm
INTRODUCTION
Osteoarthritis (OA) is the most common joint disease in the world and affects 50% of the population over age 65 (1) . OA is a total joint disease associated with cartilage degradation and changes to the cartilage structure. Further development of noninvasive diagnostic tools to monitor changes and damage to the cartilage molecular structure would aid in diagnosis and evaluation of interventions for the treatment of OA.
Cartilage is a spatially heterogeneous, viscoelastic material that lines the joint surface. It consists of chondrocytes in a hydrated extracellular matrix (ECM) (2) , composed of a fluid phase (70-80% of the wet weight) and solid phase (20-30% of the wet weight). The solid phase of the ECM is composed of biopolymers, mainly type II collagen and proteoglycans (PGs). Collagen forms a fibrous network resulting in tissue tensile strength. Collagen content, alignment, and fiber diameter is dependent on depth from the surface (3, 4) . PGs form large hydrophilic macromolecular aggregates with negative fixed charge that provide swelling pressure and compressive resistance. The PG content increases with depth from the surface (2) . The spatial heterogeneity of cartilage is due primarily to collagen fiber orientation and results in three spatially-distinct structural zones. In the superficial zone (SZ), nearest the cartilage surface, collagen fibrils are oriented parallel to the surface. The fibrils become randomly oriented in the middle zone (MZ) and perpendicularly oriented near the bone in the deep zone (DZ) (3) .
The hierarchical structure of cartilage is responsible for its mechanical properties, such as low coefficient of friction at the surface and resistance to compression in the DZ (5-7). In OA, there is damage to the collagen at the surface and an associated release of PGs from this region. The damage to collagen is accompanied by an increase in the synthesis of collagen and PG, but these new molecules are frequently damaged (8) . In intermediate stages of disease, there is a net loss of collagen and a compensatory increase in the PG content of the MZ and DZ (8) .
The goal of this study is to characterize the depth dependent, spatially resolved self-diffusion of fluid and matrix biopolymers in human stage IV OA cartilage. This provides baseline data on which to build a better understanding of how naturally occurring OA impacts both the fluid and solid phases of cartilage. Previous studies using diffusion NMR in cartilage have shown that load (9), enzyme treatment (10, 11) , and lesions (10) alter fluid diffusion. Fluid diffusion increases after damage to the structure of healthy cartilage (10) (11) (12) (13) (14) (15) (16) and is faster in OA lesions (10) . In the clinic, in vivo MRI measurements have shown that diffusion tensor imaging is sensitive to damage to cartilage (17, 18) . Recently, the bulk diffusion of cartilage matrix biopolymer molecules in addition to fluid diffusion was measured in human OA Stage IV cartilage (19) . Here, we use strong pulsed field gradients to noninvasively measure the diffusion of fluid and matrix biopolymers as a function of depth in cartilage cores. By using intact cores and spatial resolution as compared to the shavings used in the previous work, greater detail about depth dependence of fluid and biopolymer diffusion is obtained.
While NMR and other methods have previously been used to study the bulk properties of biopolymers in cartilage (20) (21) (22) (23) (24) (25) (26) (27) (28) , this study noninvasively and nondestructively measures spatially-resolved biopolymer diffusion within cartilage. It is well known that the structure and biopolymer content of cartilage varies with depth. Using NMR to measure both fluid diffusivity to probe the porous structure and the biopolymer diffusivity to monitor the solid phase gives additional information about cartilage and how it is affected by OA in a manner that has not been studied before. By using human OA cartilage, the natural disease state is studied. Models of OA are limited to damage from an isolated incident and do not account for the associated inflammatory processes and cellular repair mechanisms that occur during OA (8) . Cartilage from 10 donors was analyzed, providing evidence for structural compensation between the hierarchical zones in cartilage during OA.
The goal of this study is measure the depth dependence of fluid and biopolymers within human OA cartilage. We hypothesize that OA disease pathology affects the overall structure of cartilage. Furthermore, we hypothesize that OA reduces depth dependence of cartilage structures and biopolymer content. This expands on previous work (19) by studying the depth-dependent diffusion as compared to bulk diffusion of fluid and biopolymers.
METHODS

Preparation of Cartilage Samples
Cartilage cores with an 8 mm diameter were taken from stage IV OA postoperative tissues belonging to five male and five female patients between the ages of 59-75 undergoing joint replacement knee or hip replacement surgery (n ¼ 5 knee, n ¼ 5 hips for n ¼ 10 total, Table 1 ). The stage of disease was graded by the surgeon ex vivo.
The Mankin Scale was used to grade the severity of OA in the joint by the surgeon (29) . Samples were acquired under Institutional Review Board approval. A single cartilage-bone core was taken from the distal medial portion of the knee or the distal lateral portion of the femoral head. All cores were macroscopically stage IV OA cartilage. Samples were tested within 100 h postsurgery to prevent significant degradation. A time control showed no change in D of fluid or biopolymers between 4 h and 100 h postsurgery (data not shown). All samples were washed in phosphate buffered saline (PBS) (Millipore Sigma, St. Louis, MO) on a stir plate at room temperature for 1 h to remove residual blood and fat. Samples were stored at 4 C and washed in PBS at room temperature.
Each core was individually loaded into a 10-mm NMR tube and immersed in PBS. The NMR tubes were placed so that the cartilage was centered within the radio frequency coil for the duration of the NMR experiments. All NMR experiments were run at 20 C. Fluid and biopolymer diffusion and D-T 2 correlations at a single observation time (D ¼ 50 ms) were measured for all n ¼ 10 sample cores. Single observation time study measurements took place over 17 h per sample. Three of the n ¼ 10 sample cores were then selected for additional fluid diffusion measurements as a function of observation time and fluid and biopolymer diffusion measurements following salt treatment and collagenase digestion. Salt was used to test the effect of charge screening on PGs. Collagenase digestion was used to test the effect of damage to collagen. Salt treatment consisted of soaking the sample core in PBS with an additional 50 mM NaCl, leading to a total 200 mM NaCl concentration (16, 30) . After salt treatment and subsequent completion of diffusion measurements, the cores were re-equilibrated in PBS for 48 h to remove the excess salt from the cartilage. Forty-eight hours is longer than the equilibration time for charged ions in cartilage (31) . The cores were then treated with 5 mM collagenase (Millipore Sigma, St. Louis, MO) for 6 h at 37 C and diffusion measurements were repeated. Measurements for the chemical intervention and variable observation time study (n ¼ 3) took place over 97 h per sample.
NMR Measurements
To measure 1D spatially resolved diffusion profiles, a standard pulsed gradient stimulated echo (PGStE) sequence with the addition of a read imaging gradient ( Fig. 1 ) was used (32) (33) (34) . The pulsed gradient duration d was 1 ms. Observation time, D, was varied between 3 ms and 300 ms to study restricted diffusion (35) . An echo time (TE) of 1.8 ms was used for all images. The TE is longer than the shortest relaxation time (TR) in the sample (Fig. 2) . Gradient strengths, g, from 0.05 to 0.75 Tm À1 were used with eight linearly spaced gradient steps to measure fluid diffusion (Figs. 3A and 4A), whereas gradient strengths from 2.50 to 17.81 Tm À1 were used with 32 linearly spaced gradient steps to measure biopolymer diffusion (Fig. 4B ). These gradient values were determined from nonspatially but spectrally resolved data with complete dephasing of pore fluid signal occurring at 2.5 Tm À1 (19) . When measuring the biopolymer diffusion at the minimum gradient value of 2.5 Tm À1 , the pore fluid signal was decayed and only signal corresponding to biopolymer remained. All diffusion measurements were made in the z-direction, along the vertical bore of the magnet and perpendicular to the surface of the sample.
Resolution in the 1D profile dimension was 128 mm/ pixel; 16 averages and 32 averages were used for fluid and biopolymer diffusion studies, respectively. The experiment times were 20 min with 16 averages and 2 h 47 min with 32 averages for fluid and biopolymer diffusion measurements, respectively. A repetition time of 10 s was used for all measurements to avoid T 1 weighting of the signal. To measure the D-T 2 correlation (36), a PGStE sequence followed by a single point echo train with an echo spacing of 50 ms and 7000 echoes was used. 
NMR Equipment and Methods
Measurements were taken on a Bruker AVANCEIII spectrometer operating at 250 MHz for the 1 H resonance frequency. A Bruker Diff30 probe that generates a maximum gradient strength in the z direction of 17.81 T m À1 and a 10 mm radio frequency coil on a Micro5 probe base were used.
Data and Statistical Analysis
The data was analyzed in PROSPA (3.1, Magritek, Wellington, NZ) and MATLAB (2016b, Mathworks, Natick, MA). Fourier Transformation of the collected echo at each gradient value was used to generate diffusionweighted one-dimensional profiles. The self-diffusion coefficient, D, which is the diffusion along the z-axis, was evaluated by a fit of the signal S at each g normalized by the minimum g used for water and biopolymer, respectively, to:
where g is the gyromagnetic ratio of the 1 H observed nucleus (33), a is the acquisition time, g r is the . Diffusion decreases with increasing diffusion length due to fluid restriction within the ECM. For longer diffusion lengths, the diffusion begins to plateau to a constant value approaching the long-time limit where the diffusion coefficient is equal to the inverse of the tortuosity 1/a. The long-time normalized diffusion coefficient increases from that in the na€ ıve cartilage (diamonds) when treated with salt to disrupt PGs (squares) and collagenase to disrupt collagen (circles).
amplitude of the read gradient, and d is the time the negative lobe of the read gradient is on, thus accounting for read gradient induced signal attenuation. The quality of the fit was evaluated with 100 Monte Carlo simulations of Gaussian Noise and 100 randomly chosen initial starting points for fitting (37) .
To analyze D-T 2 data, the Inverse Laplace Transform was used (38) .
To statistically compare between donor and zone measurements, two-way analysis of variance (ANOVA) was used. The relationships between diffusion at the surface, in the middle of the tissue, and at the bone interface were analyzed using linear regression.
RESULTS
Diffusion and T 2 of Fluid and Biopolymers
In Figure 2 
Restricted Fluid Diffusion
In Figure 3 
, where D is the displacement observation time. The diffusion coefficients in Figure 3 correspond to a depth of 0.5 mm from the cartilage surface to neglect the effect of surface degradation due to OA. Error bars represent the standard deviation of the diffusion coefficient throughout the depth of the tissue. As the displacement observation time increases, the diffusion coefficient decreases. After treatment with salt or collagenase, the diffusion is faster than observed in the same untreated cartilage core sample. A time control over 100 h shows that the time between the collagenase and na€ ıve measurement does not significantly impact the diffusion measurements (data not shown).
Diffusion as a Function of Depth from the Surface
Fluid and biopolymer diffusion at constant displacement observation time D ¼ 50 ms was measured as a function of depth through the cartilage for na€ ıve human OA articular cartilage cores and after treatment with salt and collagenase. Representative profiles from a single donor are shown in Figure 4 . When diffusion coefficients are averaged across donors, little difference in fluid and biopolymer diffusion is observed as a function of distance from the surface. However, we consistently observe increases . Fluid diffusion increases from na€ ıve (diamond) with alteration of the ECM by salt (square) and collagenase (circle) (a). Biopolymer diffusivity increases with collagenase treatment but does not change due to salt (b). Some variation is seen as a function of depth from the surface in this sample; however, the trends in diffusion with depth are highly donor dependent (Fig. 5) .
FIG. 5. Fluid diffusion (a)
and polymer diffusion (b) at D ¼ 50 ms for n ¼ 10 donors of human OA Stage IV articular cartilage. There is greater variation in diffusion between donors than with zone and the trend in diffusion with zone is not consistent across donors. Donor averaged diffusion is not statistically different between zones. Two-way ANOVA compared effect of donor and zone. There is a statistically significant interaction between donor and zone (n ¼ 10; P < < 0.005) for fluid (a) and polymer (b) diffusion.
in fluid diffusion from na€ ıve after salt and collagenase treatments as seen in Figure 4A . In comparison, the biopolymer diffusion did not change with salt treatment but increased with enzyme treatment (Fig. 4B) . The time control (data not shown) showed a 1.20-and 0.86-fold change over 100 h for fluid and biopolymer, respectively.
Study of Depth
To compare the fluid and biopolymer diffusion as a function of depth from the surface, we plotted the profile from n ¼ 10 donors (Figs. 5; Table 2 ). The profiles were fitted linearly to find the intercept and slope (Table 2 , all fits P < 0.05). Both the fluid and biopolymer diffusion coefficients are statistically different between donor (n ¼ 10; P < 0.005) but not with depth (n ¼ 10 donors, n ¼ 6-9 points per donor, P ¼ 0.1, 0.68, respectively) in a two-way ANOVA test with unbalanced sampling.
Study of Donor Variability
When plotting the diffusion coefficients of fluid (a,b) and biopolymers (c,d) obtained near the bone interface against the diffusion coefficient at the surface (a,c) and the diffusion coefficient in the midpoint between the bony interface and the surface (b,d), we observed donordependent scatter and a linear relationship between all samples (n ¼ 10; P < 0.005; r ¼ 0.807, 0.968, 0.808, 0.904 for Figure 6a 
DISCUSSION
The current study examines both fluid and biopolymer diffusion in human OA cartilage. Studies examined diffusion after experimental treatments of charge screening with salt and collagenase digestion. Spatially resolved measurements provided insight on patient-specific behavior that likely represented the heterogeneity of the OA cartilage samples. Prior studies show that a correlation of T 2 relaxation and diffusion with cartilage damage exists (12, (39) (40) (41) (42) (43) . Here, D-T 2 correlation links specific T 2 relaxation times with fluid and biopolymer diffusivity (Fig. 2) . The majority of the signal in this study is pore fluid with a D > 10 -10 , but using T 2 as a second dimension shows that $9% of the signal is from the biopolymers (19) . 
Restricted Fluid Diffusion
Fluid diffusion is sensitive to the porous structure of the solid biopolymer phase of cartilage (10) (11) (12) 15, 16, 44, 45) . Specifically, fluid diffusion both in cartilage and in solution with collagen and PGs depends on the total biopolymer fraction u p , following the Mackie and Maeres model, (14, 46) . In OA, biopolymer fraction decreases with concomitant increases in the fluid fraction (2, 8) . For in vitro OA models with enzyme treatment, fluid diffusion increases when healthy cartilage is degraded using collagenase (10, 11, 14) .
Our data further show that fluid diffusion is sensitive to the ECM structure using time-dependent diffusion measurements (Fig. 3) and biochemical interventions (Figs. 3 and 4) , supporting prior results. These data demonstrate restricted fluid motion because fluid diffusion decreases with increasing normalized diffusion length, Fig. 3 ) (47) . After treatment with salt or collagenase, the diffusive dynamics become less restricted (i.e., fluid diffusion decreases less) than observed in untreated cartilage. Taken together, these data indicate that in human OA cartilage the ECM restricts fluid motion.
Reduced Tortuosity Caused by Salt and Collagenase
To analyze the changes in fluid diffusion caused by ECM damage, we modeled cartilage as a porous material and calculated tortuosity values from the data in Figure 3 (47,48). In the long displacement limit, the normalized diffusion coefficient approaches an asymptotic value DðD!1Þ Do ¼ 1 a where a¼l path /l geom is the tortuosity and a measure of the pore space connectivity (48, 49) . At the long observation time of 300 ms, D/D 0 $1/a increases from 0.08 to 0.19 after collagenase treatment and increases from 0.08 to 0.15 after salt treatment, a slightly smaller effect than collagenase. These data indicate that disruption of the ECM increased fluid diffusion, effectively reducing the tortuosity. The decreased restriction of fluid motion after salt and collagenase treatment indicates a more interconnected porous material, either through damage to the structure of the ECM or an alteration in fluid-ECM interactions. Hence, matrix degradation associated with OA similarly increases fluid diffusion and alters the mechanical properties of cartilage.
Spatial Correlations between Fluid and Polymer Diffusion
Spatially resolved fluid and biopolymer diffusion for a fixed displacement observation time (D ¼ 50 ms) was measured as a function of depth through the cartilage (Fig. 4) . Collagenase-induced degradation increases the fluid diffusion throughout the cartilage, similar to prior studies (10, 16) (Fig. 4A) , and also increases biopolymer diffusion (Fig. 4B) . Salt increases fluid diffusion (Fig. 4A ) without altering polymer diffusion (Fig. 4B) . The increase in fluid diffusion after salt treatment is highly donor dependent and relates to the heterogeneity of OA (49) (e.g., differences in fixed charge density). OA is known to change the fixed charge density of cartilage and, therefore, the varying response to salt treatment reflects variation in OA disease pathology between donors.
To compare both among and between donors, we examined profiles from all n ¼ 10 human OA samples (Fig. 5) . We found a statistically significant interaction with donor but not depth ( Fig. 5 ; Table 2 ). The small slopes relative to intercepts (Table 2) provide further evidence of minimal depth-dependence in these data. This finding indicates a donor-specific change in the ECM of human cartilage in naturally occurring OA. When comparing diffusion between the tissue surface, the middle zone, and the deep zone, we observe donor-dependent clustering with a linear relationship ( Fig. 6 ; P < 0.05). This clustering is likely due to differences in cartilage degradation and donor differences, indicating heterogeneity even among Stage IV OA samples graded by the same physician.
The correlation between the surface and bone interface shows a weaker linear correlation compared with that of the tissue and bone interface. This is expected as OA is known to affect the surface through enzymatic and mechanical damage that does not affect the deeper layers. The highly linear, nearly 1:1 correlation between diffusion in middle of the tissue and the bone interface for both fluid and biopolymers is evidence of structural equilibration. Diffusion of fluid is related to both biopolymer and water content. Therefore, these data suggest that a water content increase in the MZ is related to a uniform water content increase in the DZ. For biopolymer mobility, the correlation and donor clustering between zones is evidence of similar enzymatic activity between spatial positions in cartilage. Specifically in intermediate stages of OA, there is a net loss of collagen and a compensatory increase in the PG content of the MZ and DZ (8) .
The difference in biopolymer mobility between donors and collagenase digestion but not salt screening (Fig. 4B) shows that biopolymer mobility in cartilage is sensitive to molecular weight. Salt screens the negative charge of the PG groups but does not damage the biopolymer structure (30) . Collagenase cleaves bonds on the collagen backbone (14) . These findings suggest that biopolymer mobility is an intrinsic property of the cartilage macromolecules, based on molecular weight of the macromolecule not concentration. This is consistent with studies of polymer melts showing that diffusion rates are dependent on the molar mass distribution of the polymers (50, 51) . Further work has shown that the diffusion of polymers in solution is mass weighted for main chain polymer signal and number weighted for end-group signal (52) . However, because this work did not spectrally resolve the biopolymer diffusion, it remains unknown if the observed diffusion coefficients are mass or end-group weighted. These data do show that the change in biopolymer diffusion is due to a difference in biopolymer chemical structure and molecular weight, while the ECM network structure depends on the physical interactions between biopolymers.
Limitations
A limitation of studying human OA tissue is the difficulty of defining severity and zone. All joints were diagnosed with grade IV OA and cartilage samples were harvested from areas with macroscopic degeneration. This definition covers a wide range of degradation to cartilage. This variation and range in severity contributes to the observed donor variation and donor dependency. Another limitation is the definition of hierarchical zones. Healthy cartilage has been described by these zone definitions (53) but OA cartilage may be missing the superficial zone, which would cause a misclassification of zones.
CONCLUSIONS
A comprehensive understanding of how OA affects the structure of cartilage would move the field toward better diagnostics and new treatments. These data show that fluid diffusion in human OA cartilage is sensitive to damage to the structure of articular cartilage. We provide evidence that damage to the entire thickness of articular cartilage occurs by stage IV OA. The damage from OA, which typically occurs in the SZ, causes an increase in fluid diffusion throughout the tissue in a donor specific pattern. Furthermore, we provide measurements of biopolymer diffusion in cartilage. Biopolymer diffusion is donor-specific. Our data indicate that biopolymer diffusion is dependent on molecular weight, not the concentration of biopolymer due to physical crosslinking. As part of OA disease progression, it has been shown that the PG structure is damaged (8) . Together fluid and biopolymer diffusion measurements are complimentary. Fluid diffusion is sensitive to biopolymer content (14) and wet weight (16) while biopolymer diffusion is sensitive to the biopolymer molecular weight (50) . In future work, the biopolymer structure and diffusion of extracellular matrix molecules in healthy and OA samples will be studied to further test this hypothesis. The conclusions of this study are consistent with histological findings (2, 8, 54, 55) and previous diffusion NMR in arthritis models (10) (11) (12) 14, 16, 44) .
